Interaction of different oligomeric states of hexameric DNA-helicase RepA with single-stranded DNA studied by analytical ultracentrifugation  by Xu, Hai et al.
Interaction of di¡erent oligomeric states of hexameric DNA-helicase
RepA with single-stranded DNA studied by analytical ultracentrifugation
Hai Xua, Joachim Frankb;*, Josef F. Holzwarthb, Wolfram Saengera, Joachim Behlkec
aInstitut fu«r Kristallographie, Freie Universita«t Berlin, Takustr. 6, D-14195 Berlin, Germany
bFritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4^6, D-14195 Berlin, Germany
cMax-Delbru«ck-Centrum fu«r Molekulare Medizin, Robert-Ro«ssle-Str. 10, D-13122 Berlin, Germany
Received 29 June 2000; revised 29 August 2000; accepted 30 August 2000
Edited by Ned Mantei
Abstract Analytical ultracentrifugation was used to determine
the molecular mass, M, of hexameric DNA-helicase RepA at pH
5.8 and 7.6. At pH 7.6, a molecular mass of 179.5 þ 2.6 kDa was
found, consistent with the known hexameric state of RepA,
(RepA)6. At pH 5.8, (RepA)6 associates to form a dimer with a
molecular mass of 366.2 þ 4.1 kDa. Analytical ultracentrifuga-
tion was also applied to characterize the interaction of single-
stranded DNA (ssDNA) with the two different oligomeric states
of (RepA)6 at pH 5.8 and 7.6. The dissociation constants, Kd, for
the equilibrium binding of (dA)30 to the (RepA)6 dimer at pH 5.8
and to (RepA)6 at pH 7.6 were determined at 10‡C in the
presence of 0.5 mM ATPQS, 10 mM MgCl2 and 60 mM NaCl as
Kd5:8 = 0.94 þ 0.13 WM at pH 5.8 and Kd7:6 = 25.4 þ 6.4 WM at
pH 7.6. The stoichiometries, n, for the two complexes (dA)30/
(RepA)6 dimer and (dA)30/(RepA)6 at pH 5.8 and 7.6 were
calculated from the corresponding binding curves. At pH 5.8 one
(dA)30 molecule was bound per (RepA)6 dimer, while at pH 7.6
one (dA)30 molecule was bound to one (RepA)6. Binding curves
were compatible with a single ssDNA binding site present on the
(RepA)6 dimer and on (RepA)6, respectively, with no indication
of cooperativity. (RepA)6 tends to form larger aggregates under
acidic conditions (pH6 6.0) which are optimal for ssDNA
binding. In contrast, at pH 5.8 in the presence of 60 mM NaCl,
only the (RepA)6 dimer was observed both in the absence and
presence of (dA)30. ß 2000 Federation of European Biochem-
ical Societies. Published by Elsevier Science B.V. All rights
reserved.
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1. Introduction
Helicases are a family of motor proteins utilizing nucleoside
5P-triphosphate hydrolysis for the unwinding of nucleic acid
double helices [1]. They are essential for replication, transcrip-
tion, recombination and repair of double-stranded DNA
(dsDNA). For the binding of helicase and initiation of un-
winding of dsDNA, single-stranded regions of DNA or loader
proteins are required. The unwinding reaction is strictly pro-
cessive in 5P to 3P or 3P to 5P direction depending on the heli-
case under study, with the former being encountered more
frequently. Despite extensive biochemical studies on helicases,
the mechanism of the unwinding reaction is not yet under-
stood in detail.
Helicases are composed of two or six identical subunits.
DnaB-helicase from Escherichia coli exists as a ring-shaped
hexamer over a large concentration range. Depending on
the pH and cofactors present, DnaB-helicase can form a tri-
angle-shaped oligomer built by a trimer of dimers [2]. Bacter-
iophage T7 gene 4 helicase and plasmid RSF1010 encoded
hexameric RepA helicase ((RepA)6) are also ring-shaped hex-
amers [3,4]. These helicases have in common a central channel
through which single-stranded DNA (ssDNA) is assumed to
pass.
(RepA)6 is one of the smallest known DNA-helicases with a
molecular mass of 6U29 896 kDa [4,5]. In contrast to other
multimeric helicases which require Mg2, ATP or ssDNA to
assemble into multimeric forms, the hexameric structure of
(RepA)6 is stable even in the absence of any cofactor. The
optimum of the helicase activity of (RepA)6 is around pH 5.5^
6.0, a property that is shared only by DNA-helicases from
Saccharomyces cerevisiae [6], whereas all other helicases are
optimally active around neutral pH. (RepA)6 assembles into
tubular aggregates below pH 6.0. It could be crystallized at
that pH [7], and the three-dimensional structure determined
by X-ray di¡raction methods was re¢ned to 2.4 Aî resolution
(Niedenzu et al., submitted for publication). (RepA)6 is pot-
shaped with a 110 Aî outer diameter and 60 Aî height, and
contains a central hole with 17 Aî diameter. The six monomers
in (RepA)6 possess the same conformation, and model build-
ing studies suggest that ATP is wedged into clefts between
monomers, with the triphosphate moieties located in Walker
A motifs typical of ATP hydrolyzing enzymes (Niedenzu et
al., submitted for publication). In the crystals, (RepA)6 are
orientated back-to-back to form dimers of hexamers stabilized
by direct protein^protein contacts. The dimers are stacked like
coins in a roll, giving rise to cylinders reminiscent of the
tubular structures mentioned above, that form at pH6 6.0.
The position of ATP between adjacent monomers in (RepA)6
could explain the cooperativity of binding of ATP and of the
non-hydrolyzable analog adenosine-5P-O-(3-thiotriphosphate)
(ATPQS) to (RepA)6, with Hill coe⁄cients around 2.0 (Xu et
al., submitted for publication).
Because ssDNA stimulates the hydrolysis of ATP, it is of
interest to further investigate the binding of ssDNA to
(RepA)6, which is the topic of this study. Since one ssDNA
is assumed to pass through the central channel of ring-shaped
helicases during the unwinding reaction while the second
ssDNA strand moves along the outsite of the helicase mole-
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cule, the question arises how many binding sites for ssDNA
molecules are present on hexameric helicases. To answer this
question, we measured the dissociation constants, Kd, and the
stoichiometries, n, for the binding of (dA)30 to puri¢ed
(RepA)6 at optimum and minimum helicase activity at pH
5.8 and 7.6 [4,5], respectively, by using analytical ultracentri-
fugation.
2. Materials and methods
All salts and bu¡er components were purchased from Merck
(Darmstadt, Germany). The (dA)30 oligodeoxynucleotide was pur-
chased from TIB MOLBIOL (Berlin, Germany). DNA-helicase
(RepA)6 was puri¢ed from E. coli as described by Ro«leke et al. [7].
For investigating the interaction of (dA)30 with (RepA)6, two di¡erent
bu¡ers, A and B, were used. They consist of (A) 40 mM 2-(N-mor-
pholino)ethane sulfonic acid (MES)^NaOH, 10 mM MgCl2, 60 mM
NaCl, pH 5.8, and (B) 40 mM Tris^HCl, 10 mM MgCl2, 60 mM
NaCl, pH 7.6. Bu¡er B was also used with no NaCl added as indi-
cated.
2.1. Analytical ultracentrifugation
2.1.1. Theoretical considerations
2.1.1.1. Molecular mass determination. In order to study (RepA)6
under di¡erent pH and salt conditions, ultracentrifugation experi-
ments were performed using an XL-A analytical ultracentrifuge
(Beckman, Palo Alto, CA, USA) equipped with absorbance optics.
For determination of the molecular mass, M, of (RepA)6, the sedi-
mentation equilibrium technique was applied which allows the deter-
mination of M directly according to:
cr  c0eMF 1
with
F  13bvg
2r23r20
2RT
2
where b is the solvent density, v is the partial speci¢c volume of
(RepA)6, g is the angular velocity, R is the gas constant, T is the
absolute temperature, cr is the radial concentration and c0 is the
corresponding value at the meniscus position.
In addition to the molecular mass obtained, the determined param-
eters allow calculation of the volume, V, of the solute:
V Mv
NA
3
with NA as Avogadro’s number.
Assuming that a protein molecule has a spherical shape, the radius,
r, of the unhydrated protein is given by:
r 

3V
4Z
3
r
4
In aqueous solution, the radius is larger by about 0.3 nm (water shell).
2.1.1.2. Complex formation between (RepA)6 and (dA)30. Com-
plex formation between di¡erent macromolecules can be easily de-
tected from mass determinations when the associates are formed
with high a⁄nity (Kas 108 M31). Because complex formation is often
weak, it is necessary to estimate the association constants of an inter-
acting system by ¢tting the sum of exponential functions, given in Eq.
5, to the experimentally obtained radial scanning curves [8]:
Ar  ORcReBMRF  OLcLeMLF  cR
Xn
j1
OR  jOLcjLKjeBMRjMLF
5
where OR, OL, cR and cL are the extinction coe⁄cients and concen-
trations of the free protein molecule (R = (RepA)6) or the free ligand
concentration (L = (dA)30) at the radial position r0, respectively. B is
the di¡erence in buoyancy between R and L, j is the number of
possible binding steps, and Kj is the binding constant corresponding
to one binding step. To obtain more precise data for the estimated
parameters, we have to reduce the number of variables describing the
binding reaction by (i) separate determination of molecular masses,
(ii) using a statistical binding model for equal binding sites [9], and
(iii) taking the mass conservation into account. In each experiment,
three absorbance pro¢les were measured at three di¡erent wave-
lengths. This allowed determination of the total concentration in an
arbitrary sector by numerical integration. According to a statistical
model, Kj is given by:
Kj  1=njnj Kj1 6
where K1 is the binding constant for the ¢rst step. If one substitutes
(1/nj)(nj ) with Gj , and 1/K1 with Kd or cLK1 = x, Eq. 5 can be written as
[10] :
Ar  ORcReBMRF  OLKdxeMLF  cR
Xn
j1
OR  jOLGjxjeBMRjMLF
7
For the total concentrations cRt and cLt, the integration of the model
function results in:
cRtrb3rm  cR
Z rb
rm
eBMRF dr
Xn
j1
xjGj
Z r0
rm
eBMRjMLF dr
" #
8
cLtrb3rm  Kdx
Z rb
rm
eMLF dr cR
Xn
j1
jxjGj
Z r0
rm
eBMRjMLF dr
" #
9
with rb and rm being the radius position at the bottom of the cell and
the meniscus, respectively. The substitution of cR and Kd by functions
of Eqs. 8 and 9 allows reduction of the number of estimated param-
eters to only cL. Three of the absorbance pro¢les (Eq. 8 or 9 repre-
sents such a pro¢le only for one wavelength) were simultaneously
¢tted (global) by non-linear regression using the program ‘Polymole’
which was successfully applied earlier in the analysis of other com-
plexes [8,11^14]. The optimal ¢t to the radial distribution curves al-
lowed estimation of the dissociation constant of the complex.
2.1.2. Experimental setup. For determination of the molecular
mass, M, the sedimentation equilibrium data were analyzed by means
of externally loaded six-channel centerpieces of 12 mm optical path
length ¢lled with 70 Wl of solution in the corresponding compartment.
This cell type allows the analysis of three solvent/solution pairs. The
protein concentration was adjusted to 0.16^0.48 mg/ml throughout.
The sedimentation equilibrium was reached after 2 h overspeed at
14 000 rpm, followed by an equilibrium speed of 10 000 rpm at
10‡C for about 30 h. The radial absorbancies of each compartment
were recorded at three di¡erent wavelengths, 280, 285 and 290 nm at
pH 7.6 and, 275, 280 and 285 nm at pH 5.8. The molecular mass, M,
determinations were done by simultaneously ¢tting the three radial
absorbance distribution curves according to Eqs. 1 and 2 applying
a partial speci¢c volume, v = 0.74 g cm33 which was calculated from
the known amino acid sequence of (RepA)6 and the density incre-
ment.
To study complex formation between (RepA)6 and (dA)30, radial
distribution curves were measured by means of externally loaded six-
channel centerpieces of 12 mm optical path length ¢lled with 70 Wl of
solution in the corresponding compartment. The radial absorbancies
of each compartment were measured at three di¡erent wavelengths,
280, 285 and 290 nm at pH 5.8 and, 275, 280 and 285 nm at pH 7.6
after 2 h overspeed at 14 000 rpm, followed by an equilibrium speed of
10 000 rpm at 10‡C for about 30 h. The protein and oligonucleotide
concentrations were adjusted to 0.46 WM (RepA)6 dimer and 0^1.84
WM (dA)30 at pH 5.8, respectively. At pH 7.6, protein and oligode-
oxynucleotide concentrations of 1.87 WM (RepA)6 and 0^6.5 WM
(dA)30 were used, respectively. The dissociation constants of the com-
plex between (RepA)6 and (dA)30 and the concentrations of free
(RepA)6, free (dA)30 and their complexes were determined at pH
5.8 and 7.6 by ¢tting the three radial distribution curves to Eqs. 7^
9. To calculate the stoichiometries for the binding reaction, the con-
centration of the complex was determined for di¡erent molar ratios,
(dA)30/(RepA)6 dimer and (dA)30/(RepA)6, at pH 5.8 and 7.6, respec-
tively. The concentration of the complex per (RepA)6 dimer was plot-
ted as a function of the molar ratio (dA)30/(RepA)6 dimer at pH 5.8.
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At pH 7.6, the concentration of the complex per (RepA)6 was plotted
as a function of the molar ratio (dA)30/(RepA)6.
3. Results
Fig. 1A,B shows typical radial distribution functions for
(RepA)6 at pH 5.8 and 7.6, respectively. From the ¢t of
Eqs. 1 and 2 to the radial distribution functions, the molecular
masses, M, of (RepA)6 were determined to be 366.2 þ 4.1 kDa
at pH 5.8 (bu¡er A) and 179.5 þ 2.6 kDa at pH 7.6 (bu¡er B).
In both cases 60 mM NaCl was included in the applied bu¡er
systems. At pH 7.6, the molecular mass of (RepA)6 was mea-
sured in the absence of NaCl using bu¡er B (data not shown)
and determined as 188.6 þ 2.8 kDa. To avoid higher aggrega-
tion at pH 5.8, the molecular mass of (RepA)6 was measured
in the presence of 60 mM NaCl where no aggregation of
(RepA)6 was observed up to protein concentrations of 0.48
mg/ml. For all concentrations studied (0.16^0.48 mg/ml) at
pH 5.8 the molecular mass of 366.2 þ 4.1 kDa corresponds
to the dimer of (RepA)6. The equilibrium between (RepA)6
and (RepA)6 dimer is shifted at pH 5.8 to the dimer and no
(RepA)6 (molecular mass = 180 kDa) could be detected.
Fig. 2 shows the radial distribution curves of the complexes
between (dA)30 and (RepA)6 dimer at pH 5.8. Fits of Eqs. 7^9
to the radial distribution curves allowed determination of the
dissociation constants, Kd, for the binding of (dA)30 to
(RepA)6 dimer at pH 5.8 and to (RepA)6 at pH 7.6. Fig.
3A,B shows the binding curves for the titration of (RepA)6
dimer at pH 5.8 and of (RepA)6 at pH 7.6 with increasing
concentrations of (dA)30 in the presence of 0.5 mM ATPQS.
For the determination of dissociation constants, Eqs. 7^9 were
¢tted to the radial distribution functions yielding also the
concentrations of the complexes, free (RepA)6 and free
(dA)30. The concentration of the complex ((dA)30/(RepA)6)
per (RepA)6 dimer ((RepA)6) was plotted against the molar
ratio (dA)30/(RepA)6 dimer ((RepA)6) at pH 5.8 (pH 7.6) to
determine the stoichiometry of the binding reaction. The data
are consistent with the binding of ssDNA to a single binding
site present on (RepA)6 (pH 7.6) or the (RepA)6 dimer (pH
5.8). For the dissociation constant Kd, of the complex between
(RepA)6 dimer and (dA)30, a value of 0.94 þ 0.13 WM at pH
5.8 was measured in the presence of 0.5 mM ATPQS, 10 mM
MgCl2 and 60 mM NaCl at 10‡C. For the complex between
(RepA)6 and (dA)30, a value for Kd of 25.4 þ 6.4 WM at pH 7.6
was obtained at 10‡C with 0.5 mM ATPQS, 10 mM MgCl2
and 60 mM NaCl.
4. Discussion
In solution, (RepA)6 exists as a homohexamer of 180 kDa
[7]. This ¢nding was con¢rmed at pH 7.6 by analytical ultra-
centrifugation experiments. In contrast to the results at pH
7.6, the (RepA)6 dimer was found at pH 5.8 in the absence of
a stable ATP analogue. It was shown previously that a num-
ber of hexameric helicases including rho and bacteriophage T4
gp41 form dimers of hexamers in solution [15]. The increase in
mass of (RepA)6 upon binding of (dA)30 is signi¢cant enough
to enable the determination of Kd by analytical ultracentrifu-
gation experiments. Based on these studies, a common mech-
anism for complex formation in solution can be derived.
Fig. 1. A: Sedimentation equilibrium runs monitored at 275 (b),
280 (a) and 285 (E) nm, pH 5.8. (RepA)6 concentration was 2.67
WM in 40 mM MES^NaOH, 10 mM MgCl2, and 60 mM NaCl at
pH 5.8. From ¢ts of Eqs. 1 and 2, a molecular mass of 357.9 þ 2.9
kDa was determined for a dimer of (RepA)6 at pH 5.8. B: Sedi-
mentation equilibrium runs monitored at 280 (a), 285 (b) and 290
(E) nm. (RepA)6 concentration was 2.67 WM in 40 mM Tris^HCl,
10 mM MgCl2 and 60 mM NaCl at pH 7.6. From ¢ts of Eqs. 1
and 2 a molecular mass of 179.5 þ 2.6 kDa was determined for
(RepA)6 at pH 7.6.
Fig. 2. Radial distribution functions monitored at 280 (a), 285 (b)
and 290 (E) nm. (RepA)6 dimer concentration was 0.46 WM in 40
mM MES^NaOH, 10 mM MgCl2, and 60 mM NaCl, pH 5.8;
[(dA)30] = 1.86 WM. From ¢ts of Eqs. 7, 8 and 9 to the radial distri-
bution functions, a dissociation constant, Kd, for the (RepA)6 dimer
of 1.1 þ 0.1 WM was determined.
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As is evident from Fig. 3A,B, the fraction of (dA)30 bound
to (RepA)6 showed a dependence on the (dA)30 concentra-
tion typical for binding of ssDNA to a single site present on
(RepA)6 (pH 7.6) and on (RepA)6 dimer (pH 5.8). A cooper-
ative binding of ssDNA to (RepA)6 as reported for other
helicases [16,17] was not observed in the analytical ultracen-
trifugation experiments reported here as the curves in Fig.
3A,B are not sigmoidal. These experiments showed that
(RepA)6 occurs as a dimer at pH 5.8 (i.e. composed of two
hexameric (RepA)6 molecules). The stoichiometry, n, and the
dissociation constant, Kd, for the (dA)30/(RepA)6 dimer com-
plex at pH 5.8 were determined to be 1:1 (one (dA)30 molecule
per (RepA)6 dimer) with a value of 0.94 WM. These ¢ndings
are in close agreement with our recent £uorescence correlation
spectroscopy and photon correlation spectroscopy measure-
ments (Xu et al., submitted for publication). At pH 5.8 and
25‡C, we determined a dissociation constant, Kd, of 1.1 þ 0.1
WM for the binding of (dA)30 to (RepA)6 dimer in the pres-
ence of 0.5 mM ATPQS, 10 mM MgCl2 with no added NaCl.
Therefore, NaCl up to 60 mM concentration does not in£u-
ence ssDNA binding to the (RepA)6 dimer.
Since (RepA)6 unwinds any sequence of dsDNA, its binding
a⁄nity to ssDNA should be low in comparison to sequence
speci¢c proteins; this is in agreement with the present studies.
At neutral pH, the a⁄nity of (RepA)6 for ssDNA is so low
that it is di⁄cult to measure binding curves.
In the presence of ATP, the RuvB protein forms a dimer on
dsDNA in which two stacked hexameric rings encircle the
DNA and are orientated in opposite directions (back-to-
back) [18]. In the X-ray structure of (RepA)6 crystallized at
pH 5.8, a dimer of two hexameric RepA molecules in back-to-
back orientation occupies the asymmetric unit (T. Niedenzu,
D. Ro« leke, G. Bains, E. Scherzinger and W. Saenger, submit-
ted for publication). In the case of the helicases DnaB and T4
gp4 it was demonstrated that ssDNA could bind to the central
channel of both molecules [19^21]. It is assumed that during
the unwinding reaction only one ssDNA passes through the
central channel and the other ssDNA moves along the outsite
of the helicase. Jezewska et al. have proposed strong and weak
ssDNA binding sites present on helicase DnaB which may be
involved in the unwinding reaction [21]. According to this
model the 5P end of ssDNA binds strongly to a subsite within
the channel, while the ssDNA near the entry site of duplex
DNA is only weakly bound. The 3P ssDNA leaves helicase
DnaB at the outsite during the unwinding reaction. From our
experiments, we do not know where the ssDNA binds but we
observed only a single ssDNA binding site for each (RepA)6
or each dimer of two (RepA)6 with back-to-back orientation.
Therefore we can exclude additional weak binding sites
present on (RepA)6 in the concentration range studied.
(RepA)6 shows a narrow pH optimum for the dsDNA un-
winding reaction in a remarkably low pH range between pH
5.5 and pH 6.0 [4,5]. ssDNA binding to (RepA)6 is also
tighter at pH 5.8 compared with pH 7.6 as reported here.
Below pH 6.0, (RepA)6 aggregates to form tubular structures,
but individual (RepA)6 or (RepA)6 dimers are still present, as
shown by electron micrographs taken at pH 5.6 [7]. The ra-
dius of (RepA)6 determined by analytical ultracentrifugation
agrees well with the geometric constraints of the overall struc-
ture of a (RepA)6 dimer. A single (RepA)6 molecule is best
described by a cylinder with a radius of 5.5 nm and a height
of 6 nm with a central cavity of 1.7 nm in diameter (T. Nie-
denzu, D. Ro«leke, G. Bains, E. Scherzinger and W. Saenger,
submitted for publication). If two hexameric RepA molecules
are arranged back-to-back as shown by the crystal struc-
ture, the overall structure is 11 nmU12 nm, consistent with
an apparent radius of 5 nm calculated according to Eqs. 3
and 4.
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